The catalytic emulsion polymerization of ethylene has been a long-lasting technical challenge as current techniques still suffer some limitations. Here we report an alternative strategy for the production of semi-crystalline polyethylene latex. Our methodology consists of encapsulating a catalyst precursor within micelles composed of an amphiphilic block copolymer. These micelles act as nanoreactors for the polymerization of ethylene in water. Phosphinosulfonate palladium complexes were used to demonstrate the success of our approach as they were found to be active for hours when encapsulated in micelles. Despite this long stability, the activity of the catalysts in micelles remains significantly lower than in organic solvent, suggesting some catalyst inhibition. The inhibition strength of the different chemicals present in the micelle were determined and compared. The combination of the small volume of the micelles, and the coordination of PEG appear to be the culprits for the low activity observed in micelles.
T he catalytic polymerization of olefins (primarily ethylene and propylene) accounts for ca. 40% of the annual polymer production worldwide, while the use of emulsion polymerization (primarily with vinyl co-monomers) accounts for ca. 10% of this annual production 1 . Despite the importance of the materials issued from both polymerization processes, these two methods have remained largely incompatible. The extreme water sensitivity of industrial olefin polymerization catalysts (based on early transition metals) makes them unsuitable for emulsion polymerization processes 2, 3 . This incompatibility is a great challenge as emulsion polymerization is a very versatile polymerization process resulting in products with unique applications [4] [5] [6] [7] . Therefore, there is a strong interest for the development of a strategy enabling the direct synthesis of semi-crystalline polyolefin latexes [8] [9] [10] .
Olefin polymerization catalyzed by late transition metals offers unique opportunities in regard to emulsion polymerization as these metals are less oxophilic than their early transition metal counterparts and are therefore more stable in the presence of water [11] [12] [13] [14] . In 2006, Mecking et al. reported an example of a catalytic polymerization of ethylene in water using water soluble nickel salicylaldimine catalyst percursors 15 . The reaction yielded a stable dispersion of highly crystalline polyethylene (PE) with a particle size of ca. 7 nm on average. Despite the apparent water stability of the catalyst precursor, the productivities of the catalysts in water were lower than in organic solvents. This low activity was attributed to the fast deactivation of the catalyst likely caused by water [16] [17] [18] . Since this seminal report, other watersoluble nickel-and palladium-based catalysts have been reported for the polymerization of ethylene in water 15, [19] [20] [21] [22] [23] . In most cases the activity of the catalysts in water remained significantly lower than the activity in organic solvent. A recent study provides insights on the catalyst activation/deactivation and how to enhance the stability of the catalyst 22 . For instance, performing the polymerization at high pH, adding a weakly coordinating water-soluble labile ligand (N,N-dimethylformamide, DMF) and/ or replacing the water medium by D 2 O resulted in significant improvements in stability. The improved catalyst lifetime provided a most impressive turn over (TO) frequency of 4000 h −1 after 24 h of reaction time. Despite this enhancement in productivity and stability, the activity in the aqueous medium remained lower than in organic solvent for the same catalyst (TO~49,800 after 1 h) 24 . Most recently, Mecking et al. reported a series of novel highly electron-deficient nickel (II) salicylaldiminato catalysts exhibiting similar activity in organic and aqueous media 25 .
Miniemulsion polymerization has been applied to the polymerization of olefins in aqueous medium [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . In this process, an organic soluble catalyst is dissolved in a highly hydrophobic organic solvent mixture that is then dispersed in nanometer-sized droplets by sonication 38 . These nanodroplets are stabilized by the presence of a large amount of surfactants and the use of a superhydrophobic co-solvent (e.g. hexadecane). Each of these droplets can be described as a small reactor containing an organic solution of the catalyst. Nickel-and palladium-based catalysts have been successfully employed for the polymerization of ethylene in miniemulsion 16, 17, 22, 27, 39 . The productivity of these catalysts in miniemulsion remains, however, systematically lower than in organic solvents 28, 40 .
Overall, the miniemulsion studies and the use of water-soluble catalyst precursors highlight the challenge of performing the catalytic polymerization of ethylene in aqueous media. The difficulty to match the activity achieved in organic solvent with these emulsion polymerization methods motivated us to develop an alternative strategy for the catalytic polymerization of ethylene in aqueous medium.
Inspired by the development of polymeric micelles as nanoreactors, we envisioned applying this technique to perform the catalytic polymerization of ethylene in water 41 . Micelle assemblies offer a unique combination of properties that includes nanometer size control and tunability of the chemistry of the hydrophobic core [41] [42] [43] . These nanoscale capsules are made of amphiphilic block copolymers that form micelles in water with a hydrophilic shell and a hydrophobic core potentially loaded with chemical reagents. This methodology has been implemented for a variety of applications including for example: enzymatic catalysis [44] [45] [46] [47] [48] , radical polymerization (RAFT) [49] [50] [51] , and artificial organelles [52] [53] [54] . More closely related to our approach, Lipshutz et al. reported several examples of successful Pd and Ru catalyzed reactions at room temperature in water using this nanoreactor approach for the synthesis of small molecules (such as alkene metathesis, nucleophilic aromatic substitution, Heck and Suzuki−Miyaura coupling) [55] [56] [57] [58] .
We herein describe how we implement this encapsulation strategy for the catalytic polymerization of ethylene in micelles. An in-depth analysis of the polymerization results leads us to rationalize the systematically low polymerization rate observed in micelles.
Results
Encapsulation strategy. The concept is schematically shown in Fig. 1 .
Catalyst system. We focus our investigation on a family of phosphinosulfonate palladium catalysts because these catalysts were shown to exhibit high activity in organic solvent and to be mostly inactive in miniemulsion or as a water-soluble catalyst 39, 59, 60 . Two ligands (L 1 and L 2 ) and three labile ligands (X) were used, resulting in the formation of four distinct catalyst precursors ( Fig. 2) .
A series of polymerizations were performed to first confirm the high activity of the catalysts in toluene and second to probe their water sensitivity. While the polymerization of ethylene in toluene by L 1 Pd-NR 3 resulted in activity of ca. TO frequency = 204,000 h −1 ( Table 1 , entry 1), three separate miniemulsion polymerizations with this catalyst precursor and a polymerization in water initiated by a water-soluble catalyst precursor resulted in TO frequency of less than 50 h −1 (Table 1, entries 2 and 3). Interestingly, however, when the polymerization was performed in a biphasic toluene/water mixture (10% water), the catalyst activity only decreased by a factor of two suggesting that the catalyst is only moderately sensitive to water (121,000 h −1 , Table 1 , entry 4). Polymerizations performed in this biphasic solvent mixture for various times showed that the yield increased linearly with time suggesting that water inhibits the polymerization but does not cause any apparent deactivation under these conditions ( Table 1 , entries 4−6) 40 . Similar polymerization conditions with L 2 Pd-DMSO showed that this catalyst is slightly more inhibited by water, as its activity in wet toluene was only a third of what it was in dry toluene ( Table 1 , entry 8 vs. entry 7). Nonetheless, these high activities in organic solvent and moderate water sensitivity make these catalysts of particular interest for the production of semi-crystalline PE latex.
Block copolymer. A series of amphiphilic diblock copolymers was synthesized and used to make spherical micelles in water. The diversity of chemical functionality of the different blocks was limited by the fact that the block copolymer (BCP) and the catalyst have to be soluble in the same organic solvent (vide supra) 41 . We, therefore, used exclusively polyethylene glycols (PEG) for the hydrophilic part of the BCP. Three monomers were used for the synthesis of the hydrophobic block. The low polarity of these monomers is thought to exclude water from the core of the micelles and thus protect the catalyst from water inhibition. Another design criteria for the block copolymer was to exhibit the lowest water solubility possible. This low solubility would decrease the exchange between BCP dissolved in water and BCP forming micelles and therefore limit the potential exposure of the catalyst toward water 43, 61 .
The diblock copolymers were synthesized by first converting a monomethyl ether PEG-OH (5 kg mol −1 ) into an ATRP macroinitiator, which was then used to perform the living radical polymerization of the different vinyl monomers 62 . In all cases, the molecular weight of the hydrophobic block was targeted to be roughly the same as the molecular weight of the hydrophilic block (~5000 g mol −1 ) in order to favor the formation of spherical micelles 61, 63 .
PEG-b-PEHA (PEHA: poly(ethyl)hexylacrylate), PEG-b-PCF 3 (PCF 3 : poly(2,2,2-trifluoroethyl methacrylate)) and PEG-b-PS (PS: polystyrene) were successfully synthesized as illustrated by the narrow and monomodal molecular weight distribution measured by GPC ( Fig. 2 , Supplementary  Table 1 ).
Micelle formation. In order to encapsulate the hydrophobic catalyst within the micelle, the formation of micelles has to be done via an indirect method in which the catalyst and block copolymer are both dissolved in a water-miscible organic solvent (e.g. tetrahydrofuran or dimethyl formamide) before the slow addition of water [64] [65] [66] . Upon this addition, the block copolymer aggregates to form stable micelles. Dynamic light scattering (DLS) measurement was used to determine the size and distribution of the micelles formed. The ability of the block copolymer to form homogeneous micelles reproducibly was tested prior to loading the micelle with the catalyst. The transparent appearance of the micellar solution provides the first evidence for the formation of homogeneous micelles as a good micellization should result in a clear solution (no visible light diffraction). The synthesized block copolymers (PEG-b-PEHA, PEG-b-PS, and PEG-b-PCF 3 ) resulted in the formation of transparent micelle solutions. PEG-b-PS and PEG-b-PCF 3 resulted in uniform and narrow micelle size distributions. The DLS measurement of the PEG-b-PEHA micelle solution showed a single population with a broad size distribution ( Supplementary Fig. 9 ) and therefore was not further investigated. Taking in account the glass transition temperatures of polystyrene and poly(2,2,2-trifluoroethyl methacrylate), PEG-b-PCF 3 was chosen as the main amphiphilic block copolymer for this study (lower Tg). PEG-b-PCF 3 provided micelles with an average particle size of 26 nm. The thermal stability of the micelle solution was probed by maintaining the micelles at 85°C under vigorous stirring (ethylene polymerization temperature). After 1 h at that temperature and subsequent cooling to room temperature, the micelle size and homogeneity remained mostly unchanged (Supplementary Table 2 , entry 2). Dilution of the micelle solution did not result in any significant change in size of the particle which led us to conclude that PEG-b-PCF 3 BCP forms a thermodynamically stable micelle in water solution and not kinetically trapped metastable nanoparticles. The loading of the catalyst into the micelles was achieved by dissolving it in the organic solution containing the block copolymer prior to adding the water. In our first attempt we tried to encapsulate L 1 Pd-DMSO. Upon addition of the water, the solution of L 1 Pd-DMSO and PEG-b-PCF 3 became turbid, suggesting that the catalyst was not successfully encapsulated in the micelles or that the micelles did not form homogeneously. We replaced DMSO by a more hydrophobic labile ligand, N,Ndimethylhexylamine (L 1 Pd-NR 3 ). This choice was motivated by the fact that tertiary amines are known to be relatively labile and thus L 1 Pd-NR 3 was expected to have similar activity to L 1 Pd-DMSO. This change in the ligand modified the solubility of the pre-catalysts that resulted in the formation of a clear micellar solution. The absence of precipitate and DLS measurement confirmed the successful encapsulation with the detection of a single population of narrowly dispersed micelles with an average size of 25 nm. Despite the absence of any evidence for agglomerate formation by DLS measurement, the micelle solutions were systematically filtered using a syringe filter with a pore size of 450 nm and only negligible quantities of residue were collected on the filter (mass loss <1%).
Ethylene polymerization in micelles. Micelles made of PEG-b-PCF 3 loaded with L 1 Pd-NR 3 were used to catalyze the polymerization of ethylene in emulsion. In our first experiment, the reactor was loaded with a 100 mL aqueous micelle solution containing 430 mg of PEG-b-PCF 3 and 16 µmol of L 1 Pd-NR 3 , pressurized under 40 atm of ethylene and the temperature set to 85°C. After 1 h a milkish solution was collected and no coagulate was observed in the reactor. The formation of polyethylene particles was first confirmed by DLS analysis. The latex was composed of a single population of particles with an average diameter of 84 nm ( Table 2 , entry 2). The monomodal particle size distribution suggested that the polymerization indeed occurred in the micelles. The activity of the catalyst, determined by gravimetric analysis of the latex solution, was 820 TO h −1 ( TEM images of latexes samples were obtained and confirmed the size of the particles and their homogeneity measured by DLS ( Fig. 3 and Supplementary Fig. 13 Supporting Information). The particles appear to be very similar to the previously reported particles obtained by miniemulsion polymerization, with lentillike shapes and no coalescence at their boundaries 7 .
Variation in catalyst and block copolymer loadings ( Table 2 ) showed that catalyst concentration in the micelles correlates directly with the size of the polyethylene particle formed. Higher catalyst concentration achieved either by an increase in catalyst loading or by lower block copolymer loading resulted systematically in the formation of larger particles. This is important as it confirms that the polymerization starts in the micelles and then continues in the particles. Catalyst and block copolymer loadings Fig. 13 , images a and b) ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03253-5
had some moderate effect on the catalyst activity. The constant TOF per Pd at various block copolymer and catalyst loading suggests that the polymerization is not mass transfer limited. Micelles made from 430 mg of PEG-b-PCF 3 and 18 µmol of L 1 Pd-NR 3 were identified to provide one of the highest activities. The activity in micelles, however, remained two orders of magnitude lower than the activity observed for this catalyst in organic solvent; this lower activity was initially attributed to fast catalyst decomposition.
The stability of the catalyst was probed by performing a series of polymerizations for various times. To our surprise, the catalyst showed negligible decomposition within the first 90 min of the polymerization as illustrated by the linear increase in TO versus time (Fig. 4a) . The 3-h polymerization showed some decay in activity but this polymerization also resulted in coagulate formation likely due to the inability of the block copolymer to sufficiently stabilize the larger polyethylene particles formed. (The TO reported does not include the coagulum.) The stability of the catalyst in micelles for several hours while being 100 times less active than in organic solvent suggests that inhibition occurs inside the micelles. The difference in activity was also accompanied by the formation of polyethylene with lower molecular weight. This implies that the ratio of the rate of chain transfer to chain propagation is somehow larger in micelles than in organic solvent. This observation led us to postulate that a chemical present in the micelle could be competing with the monomer for coordination to the metal resulting in a lower rate of propagation without affecting the rate of β-hydride elimination (presumably zeroth order in ethylene) 60 . As an additional element supporting inhibition as the limiting factor of the catalyst activity in micelles, polymerizations at various ethylene pressures (30, 40, and 50 bar) and thus higher concentration in micelles showed that increasing the pressure results in a linear increase of the activity of the catalyst (Fig. 4b) . In comparison we found that ethylene saturation in toluene was reached at 10 bar with a constant TO frequency at 10, 30, 40, and 50 bar 60,67,68 ( Supplementary Fig. 14) .
Catalyst inhibition. The catalyst in micelle is exposed to a significantly different environment than in toluene. Molecules such as water, BCP (ester and ether functionalities), and THF will compete with ethylene for coordination to the metal center resulting in lower rates of polymerization. With the assumption of a fast and reversible pre-equilibrium, Eq. 2 (Fig. 5 ) describes the polymerization rate. Further derivation results in Eq. 3 that demonstrates that the inverse of the catalyst activity (TOF) is linearly dependent on the concentration of inhibitor [L] present in solution (see Supplementary Information for full derivation). The intercept of this regression corresponds to the inverse of the rate constant of propagation of the catalyst and the slope of this regression can be used to determine the inhibition strength (K eq ) of the labile ligand L (Eq. 3) 40,69 . The K eq of each of the chemicals listed above as well as the rate constant of propagation of the catalyst were determined by performing a series of polymerizations in toluene in presence of various amount of inhibitor (L) at constant ethylene concentration and temperature (see SI, Supplementary Figs. 3−8) . The narrow distribution of the rate constant of polymerization of the catalyst k p = 197,810 ± 3.3% confirms the validity of the fast pre-equilibrium assumption. From this data, presented in Table 3 , we concluded that water and THF are unlikely to be the cause of the low activity in micelle. The strong amine coordination was also determined to be more inhibiting in the micelle than in the organic solution. Indeed the catalyst is assumed to stay exclusively within the hydrophobic core of the micelle; thus, the total volume of reaction is estimated to be roughly~0.25 mL (when 430 mg of BCP are used). This volume is 400 times smaller than when the polymerization is performed in an organic solvent (100 mL), resulting in an amine concentration 400 times higher in the micelles (assuming it does not leave the micelle). Based on this assumption a prediction for the activity of the catalyst in toluene was determined to be TO1 860 h −1 which is in the same order of magnitude as the activity measured in micelles. The inhibition effect of the block copolymer on the catalyst also appears to be surprisingly large in toluene. Therefore, the inhibition constant of each block of the amphiphilic polymer was tested (PEG and PCF 3 ). The homopolymer PCF 3 was measured to only exhibit a very small effect on the catalyst activity (K eq = 6.0 E-3). The PEG homopolymer showed a higher level of inhibition (K eq = 6.9 E-4) which is consistent with a recent report from Chen et al. 70 . However, this inhibition remains lower than the one of the BCP. This observation motivated us to investigate the conformation of these polymers in toluene by DLS. While the PCF 3 homopolymer appears soluble in toluene only at elevated temperature (>45°C), the PEG homopolymer forms multiple nanometer size aggregates in toluene at elevated temperature ( Supplementary Fig. 12a, b) . Finally, the block copolymer PEG-b-PCF 3 appeared to be perfectly soluble at elevated temperature (no aggregate) (Supplementary Fig. 12c ). We postulated from this result that the lower inhibition of the PEG homopolymer in comparison to the block copolymer can be rationalized by the aggregation of the PEG in toluene at elevated temperature resulting in less PEG capable of inhibition. Overall PEG was found to be one of the main sources of inhibition of the catalyst during the polymerization in micelles.
Variation in the block copolymer and micelle formation conditions. The use of different additives was explored as a means to increase the catalyst activity (Table 4 ). DMF was used in place of THF for the formation of micelles. First, the change of organic solvent did not hamper the catalyst encapsulation, as homogeneous micelles with a slightly larger size (31 nm) were formed. The polymerization with these micelles did not result in any significant change in activity (870 h −1 , Table 4 , entry 1) compared to the activity measured with the micelles made in THF. This constant activity implies first that DMF did not inhibit the catalyst and second that water is unlikely the culprit for the inhibition. Indeed the slightly bigger micelles and the difference in polarity between DMF and THF have likely resulted in micelles with different amounts of water. We tested the influence of pH on our micelle system by decreasing pH of the micelle solution to about 3 with phosphoric acid. The acidified micelles provided a TO frequency of 990 h −1 after half an hour ( Table 4 , entry 2) and 1120 h −1 after 1 h ( Table 4 , entry 3). This enhancement in reactivity with acidified micelles was rationalized as the acid scavenging the labile ligand coordinated to the metal center (tertiary amine) resulting in an increase of the active catalyst concentration. The activity after 0.5 h is slightly lower than when the reaction was run for an hour potentially suggesting a slow scavenging of the amine by the acid. This could be expected as dimethyl hexamine has a greasy chain and has therefore more affinity with the core of the micelle than with water. These results in acidified micelles at different reaction times demonstrate the good protection of the catalyst in the micelles. Additionally the small enhancement of TO.h −1 obtained by performing the polymerization at low pH further confirms that amine inhibition is not the main culprit for the low activity observed. Finally polymerization in PEG-b-PS BCP micelles was performed ( Table 4 , entry 4). The activity observed with this noncoordinating apolar block was very similar to the one observed with the PEG-b-PCF 3 confirming that coordination to the ester group (of the acrylate backbone) or the water are not the main culprits for the lower activity in micelles.
Extension to another catalyst. The encapsulation strategy was applied to another palladium phosphinosulfonate catalyst L 2 Pd-DMSO. This catalyst is of interest because it was shown previously to exhibit very high activity in toluene (774,000 h −1 , Table 1 , entry 5) 60 . Note that L 2 Pd-DMSO does not require the use of a fatty alkyl ligand for the formation of homogeneous micelles. The polymerization in micelles with L 2 Pd-DMSO resulted in activity of up to 2400 TO h −1 . This activity is lower than the activity of the same catalyst in organic solvent but is twice higher than L 1 Pd-NR 3 under otherwise identical reaction conditions. In fact, the activity of the catalyst was so high that we noticed some coagulation in the reactor and a broader particle size distribution of the latex. This colloidal instability was attributed to the insufficient stabilization of the PE particle by the block copolymer. The coagulation was suppressed by lowering the catalyst loading ( 
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Discussion
We have developed an alternative strategy to perform the catalytic polymerization of ethylene in aqueous media. Our approach consists of encapsulating a water-insoluble catalyst precursor into polymer-based micelles dispersed in water. Block copolymers with the composition PEG-b-PCF 3 and PEG-b-PS were shown to form thermodynamically stable micelles that could be loaded homogeneously with a catalyst precursor. The performances of the encapsulated catalysts studied here were found to be significantly higher than those obtained using traditional miniemulsion strategy with the same catalyst. The good protection of the catalyst in micelles resulted in an enhanced stability of the catalyst in dispersion. The catalyst activity in micelles remained, however, multiple orders of magnitude lower than in organic solvent. This difference in activity was rationalized by the presumably lower solubility of the monomer in micelles, the relatively high concentration of amine in the micelle and the coordination of the PEG block. Finally the use of acid, of BCP with different chemistry and more active catalyst resulted in an enhancement in activity. The intrinsic relationship between catalyst activity and block copolymer microstructure motivates the development of next generation block copolymers to further enhance the productivity of the catalyst as well as the investigation of the location of the catalyst during the polymerization.
Methods
All ethylene polymerizations were carried out in mechanically stirred (1000 rpm), 100 mL stainless steel high-pressure reactor equipped with a heating and cooling jacket and thermocouple. The ethylene pressure was kept constant throughout the polymerizations. Before each polymerization run, the reactor was purged under vacuum at 85°C before to be backfilled with argon. Three quick more cycles of vacuum-and-backfilling with argon were repeated before the transfer of reagents in the reactor.
Polymerization via micellization. A specific amount of BCP was dissolved in tetrahydrofuran (5 mL) into a 250 mL Schlenk flask before adding the pre-catalyst. Water (95 mL) was added dropwise to the above solution at 35-40°C over 15-20 min. This solution was filtered and transferred by cannula to the reactor at 85°C before being pressurized at the desired pressure of ethylene and left to react for the desired time. Specific weights of reaction solution were dried at 120°C overnight. TO were calculated via gravimetric analysis using the weight difference of dry samples before and after ethylene polymerization.
Additional experimental procedures in SI ( Supplementary Method) .
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